Advances in the field of molecular electronics have made possible the direct measurement of charge transport across single molecules. In particular, work on DNA oligomers has demonstrated that this weakly-conducting biomolecule can be functionalized through metal-mediated nucleobase pairing in order to significantly increase electron mobility across the molecule. The introduction of interacting stacks of single metal ions inside the DNA helix is an attractive platform for assay and optimization; for this reason we present a protocol for the production and processing of nanowires with a metal base pair for single-molecule applications. In particular, we describe the construction of 
Introduction
The study of electrical conductivity in DNA has produced a diversity of results which have been largely influenced by experimental design. Early studies on viral DNA demonstrated resistive behavior [1] , while microbial DNA was suggested to have an RFID-like signal in bulk solution [2] . Subsequent attempts to probe the current carrying properties of DNA have followed many approaches with a variety of results: small bundles of DNA have shown high insulation [3] ; cooled DNA displayed induced super-conductivity [4] ; cAFM across guanine tetraplexes has demonstrated semiconducting behaviour [5] ; and, recently, scanning tunneling microscope (STM) studies have reliably shown weak conductivity in stacked dG:dC pairs [6] .
The atomic scale break junction platform, based on the scanning tunneling microscope, has become a mainstay of the field of molecular electronics, and it has proven to be a reliable and reproducible method for the assay of electron tunneling across single molecules [7, 8] . This result relies upon a reversible covalent linkage between a gold STM tip and one end of a molecule in tandem with a linkage between the other end of the molecule and a metal -generally an atomically-flat gold substrate. By oscillating the tip elevation in order to form and break contact with single molecules, it is possible to measure charge transfer across the molecule in the presence of a voltage bias and to construct height-dependent current plots that represent the ability of electrons to tunnel across the gap, that is, through the molecule itself. Because this can be repeated rapidly -up to thousands of times within a short measurement period -statistical methods can be applied to determine the minimal step size between measured currents, thereby allowing a determination of the resistance of the molecule itself. This has proven a powerful method for the study of conductance in molecules in units of the quantum conductance, since each measurement can be calibrated to a gold-to-gold atomic junction. This technique has shown repeatable differences in conductance between DNA molecules of different lengths [9] and sequence composition [6] , and, recently, a significant difference between the electrical behavior of canonical Watson-Crick strands and DNA duplexes with orthogonal binding chemistry [10] .
With experimental evidence that charge transport in native DNA decays over any meaningful distance [1, 9] , efforts have focused on approaches to increase DNA conductance by design. In particular, the development of metal binding schemes either through ion-coordinating pyrimidine-mismatch systems [11] [12] [13] , or proposed schemes built on orthogonal nucleobases [14, 15] , have generated a great deal of interest in the role of electrically-functional nucleic acid nanotechnology. It has long been hypothesized that the discovery of metal-mediated base pairs would allow for the construction of electricallyactive DNA elements, but the lack of molecular resolution in conductivity assays made it difficult to study these systems. Until recently, chemical and thermodynamic characterization of orthogonal DNA chemistries prevailed. Structural studies on these systems [16, 17] and improved tight-binding (TB) and density functional theory (DFT) simulations of canonical DNA [18, 19] suggested that the reduction of inter-pair distances, the hopping of electrons along bases with similar energy levels, and the depletion of dA:dT pairs could improve results in electron mobility. A key study showing the electrical functionality of guanine tetraplexes opened the door to direct electrical studies in altered-chemistry nucleic acids [5] .
Building upon advances in metal-mediated pairing [11, 20] , we insert silver (Ag + ) ions into the helical gaps between mismatched cytosine bases to form molecular wires using the C-Ag + -C base pair ( Figure 1 ). Using the well-defined STM break junction technique, we recently described enhanced conductivity in Ag + -paired polycytosine oligomers versus canonically-paired analogs [10] . Here we describe the exact protocols and binding chemistries for construction of these molecules for use in STM and other electrode-based single molecule conductivity studies.
Materials
In order to prepare Ag + -mediated DNA nanowires in solution, the following equipment and reagents are required:
• DNA preparation reagents A) The C:Ag + :C base pair coordinates a silver ion between opposing nitrogen atoms (N3 ring position). B) Homobase oligomers exhibit stacking of coordinated rings; while stacked ion-pairs are expected to exhibit metallophilic compression through interactions between the ions [13] , which suggests a novel conduction pathway.
• Silver nitrate • Sodium chloride • Magnesium sulfate heptahydrate (Epsom salt) or other nonchlorinated magnesium salt • 10% Sulfuric acid (diluted from stock in nuclease-free water) • 10% Sodium hydroxide (diluted from stock in nuclease-free water)
• DNA preparation equipment (all sterile and nuclease free) In order to prepare atomically-flat gold substrates for imaging, the following equipment and reagents are required:
• Gold surface preparation reagents The sample sequence used in this work is an 11 nucleotide (nt) polycytosine which can either form a silver-coordinating duplex with 11 Ag + ions and two C11 oligos, or a native duplex with C11 and its Watson-Crick reverse complementary sequence, G11 (Table 1 ). This sequence is selected because it provides an excellent template and is the basis of previous molecular electronics work [10] . While polycytosine oligomers suffer badly from alignment issues during annealing, the C11 oligo is short enough that it preferentially forms a duplex without an overhang [21] . Longer polycytosines begin to form sticky-end-like duplexes that anneal into long chains-also interesting as electrical wires, but their length and inhomogeneity makes them unsuitable for straightforward electrical characterization. Furthermore, the C11 molecule demonstrates a very high thermal stability and shows a lack of nanocluster formation after annealing with Ag + (unpublished data). In order to perform direct electrical measurements or other operations on DNA duplexes, a chemical linker must be used to access the ring system or ion coordination chain inside the double helix ( Figure 2 ). Every linker system has its advantages, but none offers the perfect electrical contact. Amines provide weaker coupling than thiols and are known to chelate silver ions, while thiols are unstable electrically and add noise into the measurement [22] . To reduce the effects of chelation on bond availability, Ag + not coordinating cytosine mismatches is precipitated out as AgCl (Figure 3 ). Standard linkers that are obtained commercially often come with three-or six-carbon spacers (C 3 , C 6 ) between the DNA oligo and the functional group, providing steric accessibility but generating a good deal of contact resistance and reducing the measured conductivity of the molecule (see [6] vs. [9] ). Commercially available linkers are furthermore added to the phosphate backbone of these molecules and are consequently in direct contact with the least conductive part of the DNA molecule. Here we describe a single nucleobase overhang in which the native C6-site amine of adenine is used as a substitute for longer linkers. This allows an electrical contact directly into the ring system of the DNA and is at most 4-6 Å from the ion chain in a terminal dC:Ag + :dC bond. The DNA oligos themselves can be ordered from a variety of commercial sources, such as Integrated DNA Technologies (IDT, Coralville, IA, USA) or Elim Biopharmceuticals (Hayward, CA, USA). For convenience, the modification codes for IDT ordering are added to sequences in Table 1 . To ensure the purity of the oligonucleotides and exclude any outlying sequences, the strands should be either PAGE-and/or high-performance liquid chromatography (HPLC)-purified. Some companies such as IDT ship their DNA dry, which allows for a longer shelf life. If shipped in deionized water, it would be wise to check the concentration and either correct to 100 μM or adjust the protocol accordingly (see Table 2 recipes). If shipped dry, add nuclease-free water and pipette vigorously to ensure DNA is fully resuspended. A final concentration of 100 μM corresponds to 10 μL per nmol of oligonucleotide.
Selecting a Buffer

General considerations: Ag + compatibility
The choice of buffer will determine the favorability of ion uptake. For the most part, standard annealing buffers are appropriate for Ag + -functionalized DNA nanowires [20] , with several caveats. Most importantly, there should be minimal presence of chloride ions, as silver chloride is highly insoluble. At high temperature, 1 H-1 H COSY NMR suggests that cytosine-mismatched oligonucleotides can outcompete anions for Ag + when already incorporated into the DNA (manuscript in preparation), but it is best to avoid the confounding effect of precipitation. This means that the researcher should avoid adjusting buffer pH with HCl, as this can leave residual Cl − of relatively high molarity. Furthermore, there should be no chelating buffer agents. Thus, ethylenediaminetetraacetic acid (EDTA) and other Mg 2+ intercalators should be avoided, rendering buffers such as Tris-acetate-EDTA (TAE) and Tris-borate-EDTA (TBE) inappropriate for annealing. These buffers are still acceptable for downstream applications such as gel electrophoresis after Ag + is already snugly bound by a cytosine-mismatched duplex.
Several other considerations are less obvious. To elucidate the effects of buffer component species, we screened 33 buffers with different buffer salt, pH, counterion species and Ag + availability. The experiment was performed by mixing MOPS, potassium phosphate, Tris, and sodium acetate buffers at standard reaction concentrations (see Supplementary Tables 1-2) with either 100 mM Na + , 12.5 mM Mg 2+ , or both counterions. Oligonucleotides C30 (5 -FAM-CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC-BHQ1-3 ) and AT24 (5 FAM-AACAATACATACTAAAACCAAAAT-BHQ1-3 , 5 -ATTTTGGTTTTAGTATGTATTGTT-BHQ1-3 ) (Elim Biopharmaceuticals) were labeled with 5 fluorescein (FAM) and 3 Black Hole Quencher 1 (BHQ1), which, when in close proximity, will cause Förster resonance energy transfer (FRET), whereby BHQ1 will absorb and suppress the signal from FAM, to cause an overall quenching in the fluorescence. Data were collected by measuring fluorescence before and after annealing of labeled oligos (2 μM per strand, or 4 μM for palindromic C30), either with or without 10xAg + (600 μM). FRET efficiency was calculated by normalizing to the minimum FRET efficiency in deionized water, and the maximum efficiency (100% quenching). FRET is never 100% due to the promiscuity of the C30 sequence-it may anneal out of frame to form a daisy-chain type structure and thus prevent full quenching by annealed duplexes. The results can be seen in Figure 4 . + molarity compared to sequence mismatches (blue) and 10:1 Ag + molarity to sequence mismatches (yellow) is indicated by bar color (see legend). Complete buffer recipes can be found in the supplemental information (Tables S1-S2). For both MOPS buffers and potassium phosphate buffers, the presence of Mg 2+ greatly increases FRET efficiency and strand annealing: A) MOPS pH 6.5, B) MOPS pH 7.0, C) MOPS pH 8.0; and D) KH2PO4 pH 6.0, E) KH2PO4 pH 7.0, F) KH2PO4 pH 8.0. The same trend is observed for Tris buffers, but with greatly reduced efficiency throughout: G) Tris pH 7.2, H) Tris 8.0, and I) Tris 9.0. Low pH sodium acetate buffer does not promote duplex formation: J) NaAc pH 4.0; while higher pH acetate buffer promotes i-motif formation across all counterion conditions: K) NaAc pH 5.5. This conclusion is supported by the lack of FRET quenching in control strand AT24 in similar buffer ( Figure S1 ). In all buffers, acidic pH (≤ pH 7.0) promotes fluorescence enhancement (negative FRET efficiency) after annealing, while basic pH (> pH 7.0) dampened the fluorescence signal overall, both fluorescence and quenching.
Counterion species: Na + and Mg 2+
Thermodynamic simulations implemented in Matlab based on the bestavailable nearest neighbor and buffer correction models [24, 25] suggest that in Watson-Crick pairing sequences, [C30:G30] will have weak stabilization by Mg 2+ , but will experience a strong increase in thermostability due to Na + association with the phosphosugar backbone ( Figure 5 ). The presence of both counterions should have an intermediary effect, increasing the melting temperature and subsequent strength of duplexing relative to deionized conditions, but to a lesser degree than Na + alone. Control sequence AT24 is predicted by a similar analysis to be stabilized equally by buffers containing Na + , Mg 2+ , or both. Experimentally we find results for C30, when stabilized by Ag + , that are not in agreement with this model, suggesting that the binding mechanism does not adhere to traditional Watson-Crick thermodynamics. To account for these differences, future studies may inform a more accurate thermodynamic model to accommodate orthogonal ion pairing. Preliminary insight on how to do this is provided by Torigoe et al. [11] , but more work is needed to match the level of analysis available for canonical base pairs.
In intermediary-pH MOPS and phosphate buffers, the C30 sequence demonstrates minimal fluorescence quenching in the presence of monovalent cation Na + alone (Figure 4 A-F) . The addition of Mg 2+ causes maximal FRET efficiency of ∼0.5. The presence of both Na + and Mg 2+ together still promotes FRET, but in no case does the combined counterion solution outperform the [24] and buffer correction equations from Owczarzy et al. at IDT DNA [25] allow for melting temperature modelling of oligonucleotides based on sequence and buffer composition. We implement these methods in Matlab to investigate the predicted effects of Na + and Mg 2+ on the thermostability of Watson Crick pairing of C30 (5 -CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC-3 ) to G30 (5 -GGGGGGGGGGGGGGGGGGGGGGGGGGGGGG-3 ). The canonical model suggests a strong stabilizing effect by Na + , but little to no contribution by Mg 2+ . Experimental data on ion paired C30 suggests that the opposite is true, and that a new computational model is needed to account for orthogonal metal pairs.
buffer containing only divalent cations by any statistically significant amount. There are two potential reasons for the success of Mg 2+ buffers. It may be the case that axial compression due to metallophilic attraction between stacked silver ions may cause crowding effects on monovalent counterions such as Na + , creating a need for the higher charge density offered by divalent cations such as Mg 2+ in order to stabilize duplex formation in highly-cytosinated oligos. It may also be the case that divalent cations are better at sterically hindering Ag + during the annealing process, causing intermediary, misaligned states to have a lower energy availability. This may force strand rearrangement to better-aligned duplexes which exhibit a higher degree of FRET quenching due to the better terminal fluorophore-quencher proximity. In either case, it is clear that Mg 2+ provides a significant boost to FRET efficiency, and thus to duplex formation in cytosine-mismatched nanowires.
Buffer pH
It is known that buffer pH at or below 6.5 promotes the formation of cytosinequadruplex (i-motif) DNA in the presence of oligos with high cytosine counts [26] . This structure forms non-B-form DNA that, to our knowledge, has not been assayed for electrical conductivity. Experimentation on this effect shows that low pH sodium acetate (pH 4.0) inhibits formation of any coherent structure ( Figure 4J ). Evidence of i-motif formation can be seen in mediumacidity acetate buffer ( Figure 4K ) by the observation of successful quenching only in excess Ag + as well as a general insensitivity to counterion species. By contrast, AT24 does not cause FRET quenching either with or without Ag + , highlighting the requirement of cytosine bases in formation of acid-mediated structures like a cytosine quadruplex ( Figure S2K ). We do not see a similar insensitivity to counterion salts in MOPS (pH 6.5, Figure 4A ) or phosphate (pH 6.0, Figure 4D ) buffers, suggesting that i-motif formation may not be supported in these buffers at slightly-acidic pH.
High pH Tris buffer (pH 9.0, Figure 4I ) shows reduced FRET efficiency compared to intermediary pH, and slightly-basic compositions of pH 8.0 MOPS ( Figure 4C ), phosphate ( Figure 4F ) and Tris ( Figure 4H ) show slightly reduced efficiency. Overall, it seems that successful duplexing can occur at pH 6.5 and pH 8.0; however, neutral buffers near pH 7.0 provide the highest overall FRET quenching, suggesting optimal strand alignment and duplex strength.
Final buffer composition
At neutral pH, MOPS and potassium phosphate buffers ( Figures 4B and 4E ) outperform Tris buffer ( Figure 4G ) for overall reaction favorability. MOPS buffer can be used for many molecular biology and molecular electronics applications, while potassium phosphate in 99.99% D 2 O can be used for 1 H-1 H COSY NMR and other analytical applications. For use in singlemolecule conductivity experiments, we suggest the use of pH 7.0, 10 mM MOPS buffer with 100 mM NaNO 3 and 12.5 mM MgSO 4 . Annealing may be done at a 10x Ag + availability with respect to sequence mismatches.
Annealing Protocol
Reagent Preparation: Buffers and Silver Salts
The following protocol is used to prepare the necessary chemical solutions for nanowire annealing. Keep in mind that Ag + is easily reduced into silver nanoclusters, and therefore constituent solutions should be reformulated for each use, and, if necessary, stored away from light. A measure of solution purity can be inferred from the amount of smudging on the Falcon tube walls after vigorous vortexing or shaking. At 1 M, the solution will appear cloudy, but no accumulation on the tube walls should be apparent. and indicate pH and date. Avoid using chloride salt to adjust pH as it will precipitate Ag + in later steps, preventing nanowire synthesis. 5. Make a 10-fold dilution to produce 1x MOPS by adding 9 parts deionized water and one part 10x MOPS in a 10 mL Eppendorf tube. Label one "1x MOPS pH 7.2" and indicate the date. 6. Pipette 1.00 mL 1x MOPS into a 1 mL centrifuge tube. Add 169 mg AgNO 3 and vortex vigorously until Ag + is fully in solution. Label "1 M Ag + in 1x MOPS." 7. Perform serial dilutions to produce 10 mM and 1 mM solutions of Ag + : first add 10.0 μL 1 M Ag + and 990 μL deionized water and vortex. Label "10 mM Ag + ." Mix 100 μL 10 mM Ag + and 900 μL deionized water and vortex. Label "1 mM Ag + ."
Annealing Recipes
The C11 sequence is palindromic and thus will bind to itself in the presence of Ag + ions. Consequently, the concentration of ssDNA added is twice the concentration of the final duplex. For this reason, the amount of oligo added to experimental conditions should be adjusted accordingly (Table 2 ). It should be noted that the presence of Ag + may cause the formation of a dC:Ag + :dC duplex instead of dC:dG in positive controls, though experimentally this population seems to be quite small. This may be a result of slowed kinetics in the dC:Ag + :dC bond formation process from the dehydration energy penalties on the Ag + ion, as well as the two-step, three-body coordination between opposing cytosines and the cation, compared with the relatively-straightforward dC:dG electrostatic bond. 
Annealing Steps
When there is system equimolarity between sequence mismatches and coordinated Ag + , individual ions may interact with single-stranded polycytosines before forming a complex inside a double-stranded helix [27] . It is well-known that a thermodynamic penalty is paid to initiate duplex formation [28] , and by adding molar excess to the system, we reduce the amount of ion rearrangement that must occur within the duplex while strand initiation is occurring. We find that a ratio of 10 ions per CC mismatch is a good annealing ratio, and that excess ions can be removed in later steps. Annealing is performed in the following manner:
1. Heat the water bath or hot block to 95 • C. An impromptu water bath can be made by using a 1 L glass beaker inside a Styrofoam box. The tubes can float on a weigh boat with holes in the bottom. In this setup, the tubes should be sitting in the water but should not be submerged below their caps. The ideal heat source is a hot block in which the block itself can be removed to slow cool. 2. Anneal in 1x MOPS in 100 μL total volume. See Table 2 for recipes. Add all reagents to a 100 μL microcentrifuge tube with a pipette, label, and use parafilm to seal the caps in order to prevent solution concentration and acidification by evaporation of water during annealing. 3. Vortex or mix until solution clears (do not vortex after annealing). 4. Consider spinning for 3-5 s on tabletop microcentrifuge to collect fluid at the bottom of the tube. Alternatively, tap several times. 5. Place in water bath/hot block/PCR programmed to 95 • C. Leave at that temperature 3-5 minutes. 6. Remove block/water from heat and allow to cool to room temperature.
This should take ∼1 h. 7. Place at 4 • C to store. Leave at 4 • C at least one hour.
Precipitation
As ionic excess is used in annealing, there will be phosphate-bound Ag + ions in solution. In order to separate the effect of these environmental ions on molecular conductivity from the effect of pyrimidine-coordinated ions, chloride precipitation is used to remove all solvent-accessible Ag + from the solution. Unpublished NMR data show this leaves the duplex unperturbed. Purification can be performed in the following manner:
1. Add NaCl to 50 mM. Approximately 60-80% of the solution can be drawn out and placed in a new microfuge tube. Not all the liquid need be removed. 5 . If it appears that some of the precipitate has been removed by the pipetting, repeat precipitation protocol until clean extraction is achieved. 6. Each sample should last 3-4 weeks. Store at 4 • C.
Selecting a Thin Film Process
Scanning Probe Considerations
At this stage, the researcher may choose to perform any of a variety of spectroscopic or microscopic characterization techniques, such as mass spectroscopy, x-ray crystallography, or UV-Vis spectrophotometry, to assess chemical, structural and/or electrical properties of the nanowires. We present a protocol for sample preparation for scanning probe microscopy (SPM) measurements, focusing specifically on electrical assay of single-molecule conductivity through the application of a voltage bias between a metal SPM tip and a gold surface. These methods can include non-contact atomic force microscopy (AFM) modes such as: electrical force microscopy (EFM); static charge (Kelvin probe) force microscopy (KPFM); contact-mode conductive AFM (cAFM); scanning tunneling microscopy (STM) modes such as imaging STM and break junction experiments; and hybrid techniques such as tappingmode PeakForce tunneling AFM (PF-TUNA) (proprietary mode: Bruker Corporation, Billerica, MA, USA), which gathers quantum nanomechanical and electron tunneling data in tandem. What these scanning probe measurements have in common is the necessity for smooth, conductive gold surfaces for sample bias application and data acquisition.
While AFM imaging may be reliably carried out on mica, any form of electrical measurement must be carried out on a conductive substrate such as gold. The degree of smoothness depends on the desired resolution and feedback-sensitivity of the SPM mode. As such, processing of the gold film is unnecessary in low-resolution modes such as KPFM and EFM; similarly, nonimaging STM such as break junction experiments can be reliably carried out without post-deposition processing due to the statistical nature of data analysis. Conversely, SPM modes requiring high-resolution, feedback-enabled imaging (e.g., STM and PF-TUNA) are unyielding and require atomically-flat gold.
There are several methods for creating ultra-flat gold surfaces for SPM measurements; these generally involve deposition of gold on cleaved mica and the subsequent use of hydrogen flame annealing under nitrogen atmosphere at varying temperatures [29, 30] . These methods are effective at producing locally-flat gold but suffer from low throughput. Deposition of gold usually carried out in a vacuum-sealed chamber in which individual samples need to be pinned to a deposition chuck. Mica offers true atomic flatness due to its surface grain, but it is impractical to cleave mica in chips larger than one centimeter in diameter. This restricts the number of samples that can undergo deposition at one time, which is frequently a time-and resource-intensive process. To circumvent the problem of throughput, we demonstrate here a protocol for forming ultra-flat gold films on three-inch silicon/silicon dioxide (Si/SiO 2 ) wafers that can be diced into 12 to 16 1-cm 2 chips and subsequently processed. Depending on the size of the deposition chamber, up to four wafers may be prepared at once, greatly reducing the time and cost of preparing imaging surfaces.
Analysis of Various Thin Film Processes
Assay of surface roughness using AFM
In order to determine an effective thin film process for achieving atomicallyflat or nearly-atomically-flat gold, we assayed the surface roughness of a wide variety of cleaning and deposition techniques via AFM (Table 3 ; extended data in SI). Gold films were deposited using an electron beam evaporation chamber (Angstrom Scientific) (100-200 nm at 0.5 Å/s) on either: cleaved mica, Si/SiO 2 chips cut with a diamond knife, or wafer-scale Si/SiO 2 . Films were tested both with and without a 1 nm titanium adhesion layer. After deposition, surfaces were subjected to a variety of processing steps, including sonication, acid bath, oxygen plasma, flame annealing and controlled-temperature furnace annealing. Samples were then assayed by AFM (Dimension Icon, Bruker) using 2 nm nominal radius silicon nitride tips (spring constant 0.4 N/m, grain size ∼400 nm with boundary peaks ∼5 nm tall ScanAsyst-Air, Bruker) using a peak-force tapping mode (PF-QNM in Air). Representative 2 μm x 2 μm scans were analysed for surface roughness: surface area, percent difference in surface area from 4 μm 2 ; and line roughness: feature average height (R a ), root mean squared feature height (R q ), and maximum feature height (R max ). These results can be visualized in Figure 6 . Detailed process notes and AFM micrographs for each sample can be found in the supporting information. Samples shown are (from left to right): cleaved mica; manually-cut Si/SiO2; diced Si/SiO2 wafer; diced Si/SiO2 with 5 min oxygen plasma; diced Si/SiO2 annealed in a gas flame; diced Si/SiO2 annealed in gas flame with nitrogen gas stream; diced Si/SiO2 annealed at 300
• C in forming gas for 21 h; diced Si/SiO2 annealed similarly with 5 min oxygen plasma both before and after annealing. Detailed process notes can be found in Table 3 . D-G) 2 μm x 2 μm AFM scans of representative surfaces. D) Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a dicing saw, and imaged directly after ("Diced" in A-C). Height scale ±11.5 nm. E) Threshold-processed micrograph reproduction of D with 2.5 nm height steps to illustrate surface levels. F) Titanium (1 nm) and gold (200 nm) are deposited on a clean Si/SiO2 wafer, diced using a dicing saw, annealed in forming gas at 300
• C for 21 h, and cleaned afterward for 5 min in a tabletop oxygen plasma tool. Samples were imaged directly after ("300
• C + O2" in A-C). Height scale ±4.3 nm. G) Threshold-processed micrograph reproduction of F with 2.5 nm height steps to illustrate surface levels. AFM images taken on a Dimension Icon AFM (Bruker). Data analysed using NanoScope Analysis software (Bruker).
Dicing methods
To validate a high-throughput, batch deposition process, we compare the roughness of films grown on cleaved mica, Si/SiO 2 wafers cut manually with a diamond knife, and Si/SiO 2 wafers cut using an auto-dicing saw found in many cleanrooms (e.g., DAD3220, Disco Corporation, Santa Clara, CA USA). The use of a dicing saw enables highly precise sample cutting, but the process itself involves the spray of deionized water, possible ionization of that water during dicing, and ultimately the deposition of silicon dust onto the gold surface. The samples themselves show more visible dust in a light microscope, but AFM imaging demonstrates only slight increase in surface roughness (2.45 nm to 1.47 nm) and comparable surface area (4.14 μm 2 to 4.16 μm 2 ) when contrasted with samples deposited on cleaved mica ( Figure 6A -C, Table 3 ). Surface features have similar phenotype with nodes ∼70 nm in diameter and ∼10 nm in height. Like thin films on cleaved mica, silicon wafers diced using a dicing saw may be appropriately flat for KPFM and break junction experiments but should be subjected to downstream processing for SPM modes that require gain and feedback modulation.
Processing of surfaces after dicing
After deposition of gold on whole wafers and use of the dicing saw, samples can be subjected to additional processing to increase the overall surface homogeneity of the gold film. The primary objectives of downstream processing are to produce grain-like surface features, rather than the rounded nodes produced during deposition, and to decrease the quantitative surface roughness to produce the best imaging substrate. Flame annealing, as suggested by various sources [30, 31] , proved to be an effective method for producing grain-like surface features with locally flat areas up to 500 nm (Table 3) . Unfortunately, these surfaces demonstrated tall features at the grain boundaries of up to 100 nm without nitrogen gas, or 60 nm when annealed in a two-stage benchtop flame process with a stream of nitrogen. Repeating this process five times did not improve overall flatness (Table S3) .
Other procedures such as acid cleaning and sonication were tested and did little to improve the imaging surface (Table S2) . We did, however, find that oxygen plasma in a tabletop plasma cleaner (18 W, Harrick) has the effect of smoothing out surface features-in the case of the rounded nodes produced by deposition, the surface of the nodes were made relatively flat, though the size and overall shape was not changed ( Figure 6A -C, Table S2 ). This suggests that oxygen plasma smooths existing surface features but does not change the topography of these features. As such, oxygen plasma may be used to erode any tall features produced during surface processing.
We tested the effects of controlled temperature annealing on the quality of gold films in a controlled furnace with constant application of forming gas (Ar/H 2 ). While gold has a bulk melting temperature of approximately 1000 • C, a thin film will aggregate and cease to act as a surface at much lower temperatures. We found that for a 200 nm gold film with a 1 nm titanium adhesion layer on Si/SiO 2 , the denaturation temperature is roughly 400 • C (Table S1 ). To test the effect of low temperature annealing, gold films were subjected to a temperature of 300 • C in forming gas and annealed for 21 h. The results demonstrate that surface flatness is lowest in samples annealed at 300 • C and cleaned with oxygen plasma both before and after annealing. Compared with unprocessed gold films, these samples exhibited a 70% overall reduction in area roughness (4.04 μm 2 to 4.16 μm 2 ) and line roughness (R a 0.78 nm to 2.45 nm), and comparable maximum feature height (27.1 nm to 25.3 nm) (Table 3, Figure 6A -C). Surface phenotypes assayed with AFM show ∼400 nm grains with ∼5 nm boundary features in annealed samples ( Figure 6F-G) , compared with ∼70 nm wide nodes with ∼10 nm edge features on unprocessed gold (Figure 6D-E) . In sum, the slow anneal at 300 • C appears to provide enough energy for gold atoms to migrate but insufficient energy for the formation of large clusters and surface degradation. Slow annealing has the overall effect of producing flat surface grains that are ideal for SPM imaging.
6 Gold Protocol: Atomically-flat Imaging Substrates
Cleaning the Surface and Depositing Gold
The purpose of surface cleaning on Si/SiO 2 wafers is to etch away any dust that may have been deposited on the surface in order to reduce the substrate to an atomically-flat crystal. The use of piranha solution allows for a thorough cleaning of surface dust, but it is also hazardous to the researcher. Piranha is highly exothermic and an aggressive oxidizer. Use extreme care when formulating and make note of the exact time when the acid is formulated as its potency diminishes over a matter of hours. Pre-deposition oxygen plasma is a recommended but optional step, depending on whether a wafer can fit inside the given plasma cleaner. In general, oxygen plasma will remove organic residues, and, at relatively low power (18 W), cleaning should occur for at least three minutes, but can continue for any reasonable amount of time.
1. Prepare piranha solution in an acid-safe fume hood by slowly adding one part (10 mL) hydrogen peroxide (H 2 O 2 ) to three parts (30 mL) concentrated sulfuric acid (H 2 SO 4 ) in a glass dish that can fit your silicon wafer. Cover with perforated aluminum foil and label with caution markers and the time of mixing. Use extreme caution as the dish will be quite hot. 2. Allow the piranha solution to age for 90 min. The glassware should be warm but no longer hot. 3. While the piranha is aging, prepare two glass dishes, one with 40 mL deionized water, the other with 40 mL ethanol. 4. Using acid-safe tweezers, place the silicon wafer in the piranha solution and leave it for 5 min to clean. 5. Remove the wafer carefully from piranha and wash briefly in distilled water, then in ethanol. 6. Blow wafer dry in an inert gas such as H 2 , N 2 or Ar, letting the gas stream blow toward the tweezers. Store in an airtight container. 7. Safely dispose of the piranha solution in an appropriately-labeled, acidsafe waste container.
8. Clean wafer in oxygen plasma for 5 min (optional). 9. Deposit 1 nm titanium (0.5 Å/s) followed by 200 nm gold (0.5 Å/s) using a cleanroom deposition chamber.
Processing the Gold Surface
The purpose of surface processing is to reduce the surface roughness of the gold film that is acquired during deposition, during dicing, and by passive exposure to air, as discussed above. Some dicing saws will use adhesive tape to keep a wafer in place, which will require peeling off samples by hand.
To the extent possible, use tweezers for this process and avoid making any contact between a gloved hand and the center of the imaging surface, as this will irreparably contaminate the gold substrate.
1. Cut the wafer into 1 cm 2 squares using a cleanroom dicing saw. Store in airtight container until individual surfaces are needed. 2. Remove individual samples from diced wafer using tweezers in cleanroom environment. 
Depositing the DNA Nanowires
In order to control for the effects of buffer salts on single-molecule conductivity, DNA samples may be filtered into deionized water. STM break junction experiments on DNA have been performed on surfaces with both in buffer salt fluid as well as deionized water, and it is left to the discretion of the researcher whether this is a necessary step. DNA is not fully stable in salt-free solutions; therefore, after performing a buffer exchange, the sample should be deposited on an imaging surface as soon as possible to avoid degradation. In this protocol, we do not perform buffer exchange, but rather wash the imaging surface in deionized water after deposition of the DNA in order to remove residual salt. Samples producing images will need to have the solution concentration tailored to the image results-if messy, aggregated DNA is observed on the imaging substrate, consider dilution up to 100x in nucleasefree water reduce surface density of DNA. An initial sample may use undiluted DNA or 2-5x dilution as a first guess.
1. Clean the surface in tabletop plasma sterilizer (18 W) for 3-5 min in order to remove any dust and increase adhesiveness of the surface. 2. Within 30 s of removing from plasma cleaner, deposit 5 μL DNA sample in the center of the surface. Cover and set aside on the bench to allow the water (5-10 min). 3. Wash surface by pipetting 10 μL nuclease-free water onto the surface.
Wait 30-60 s and slowly wick the water off the edge of the imaging surface with a sterile cloth or wipe. 4. Wash up to twice more, depending on surface salt density, as seen in the light microscope in your SPM. The surface should appear less dirty to the naked eye or under an optical microscope.
Single-Molecule Electronics Application
The sample may now be imaged or assayed via the SPM method of choice. In order to prepare the sample for imaging, the surface will have to be electrically connected to the SPM stage using conductive silver paint or copper tape.
1. Apply conductive silver paint to edge of sample to create a continuous region of conductive glue between the gold surface and the silicon underside of the chip. Allow the paint to dry. 2. Using metal tweezers, transfer the sample to the SPM stage and apply chuck vacuum to reduce vibration. 3. Perform SPM measurement of choice.
Conclusions
Metallic DNA nanowires are of interest to the field of molecular electronics and self-assembled nanosystems. Here we present an effective protocol for synthesizing such constructs and preparing imaging substrates on conductive films. With some thought to the downstream application, a binding mechanism and reaction buffer can be selected to facilitate efficient annealing and measurement. Furthermore, with consideration to the single-molecule assay, a gold surface process can be chosen to facilitate atomic resolution and molecular conductance analysis. We expect that a detailed and reproducible method for DNA nanowire synthesis will allow for more complex exploration of sequence design, behavior and geometry. This protocol can ultimately be used to prepare samples for a variety of experiments in the field of molecular electronics, including nanoelectrode or nanogap measurement [5, 31] ; scanning probe [32] and break junction experiments [7, 10] ; and ultimately, perhaps, the fabrication and assessment of logic devices for nanoelectronics. 
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